Introduction
============

Gastric cancer is one of the most common malignancies worldwide, however this is highly variable in terms of geographical distribution ([@b1-ol-0-0-11350]). In 2012, global statistics for gastric cancer suggest that China currently accounts for 42% of all newly-diagnosed cases ([@b2-ol-0-0-11350],[@b3-ol-0-0-11350]). The 5-year survival rate in 2012 was 90% for patients with early-stage gastric cancer; however, the survival rate decreases to \<60% for patients with advanced-stage cancer ([@b4-ol-0-0-11350]). In particular, patients receiving palliative surgery for stage IV gastric cancer with peritoneal metastasis or for advanced-stage gastric cancer with local invasion have poor prognoses globally ([@b5-ol-0-0-11350]--[@b7-ol-0-0-11350]). Neoadjuvant chemotherapy is an effective approach for treating advanced-stage cancer, because it can lead to downgrading of the cancer stage and increase the median survival time of patients ([@b8-ol-0-0-11350]--[@b10-ol-0-0-11350]). However, there are limited options for patients who present chemotherapy resistance; a relatively common phenomenon. In particular, the overall effective rate of neoadjuvant chemotherapy for gastric cancer is \~45% ([@b11-ol-0-0-11350]), therefore identification of patients who may present neoadjuvant chemotherapy resistance remains a challenge.

A number of preclinical studies have identified altered metabolic pathways in tumors with various biological behaviors, and clinical studies have reported alterations in certain metabolites during the development and progression of colorectal, ovarian and endometrial cancer ([@b12-ol-0-0-11350]--[@b16-ol-0-0-11350]). For example, Furberg *et al* ([@b12-ol-0-0-11350]) reported that Low HDL-C, as part of the metabolic syndrome, is associated with increased postmenopausal breast cancer risk. Healy *et al* ([@b13-ol-0-0-11350]) found that metabolic syndrome and central obesity are common in patients with postmenopausal breast cancer, and that metabolic syndrome may be associated with a more aggressive tumor biology. Some of these alterations may serve as useful tumor response biomarkers. For example, the serum level of low-density lipoprotein-derived lipids predicts the response of patients with colorectal cancer to capecitabine ([@b17-ol-0-0-11350]). Patients with metastasis often present with metabolomic fingerprints that are associated with insensitivity or adverse effects to chemotherapies ([@b18-ol-0-0-11350]). A study of gastric cancer have demonstrated that certain lipid and carbohydrate metabolites, including 2,4-hexadienoic acid, 4-methylphenyl dodecanoate and glycerol tributanoate, are associated with pathological type, differentiation, location, staging and prognosis ([@b19-ol-0-0-11350]). However, to the best of our knowledge, the association of metabolite profiles with sensitivity of gastric cancer to neoadjuvant chemotherapy is unknown.

In the present study, sera from patients with gastric cancer who exhibited different sensitivities to chemotherapy were collected. Subsequently, serum samples were analyzed using liquid chromatography-mass spectrometry (LC-MS) to identify metabolites that were associated with sensitivity to neoadjuvant chemotherapy, and, therefore, have the potential to function as clinical markers for sensitivity to chemotherapy.

Materials and methods
=====================

### Patient sample selection

The present retrospective study was approved by The Ethics Committee of the First Hospital of Jilin University (Changchun, China), and all patients provided written informed consent. All 47 patients (age range: 33--74 years old; 35 males and 12 females), including 31 in the training group and 16 in the validation group, were diagnosed with stage III (T4b) or IV gastric cancer and received conversion therapy, which was defined as R0 resection with unresected metastases, at the Department of Gastrointestinal Surgery at the First Hospital of Jilin University. Sample collection was conducted between August 2009 and October 2017. Diagnosis was based on pathological examination and abdominal imaging or laparoscopy. The inclusion criteria were as follows: i) \<75 Years of age; ii) normal functions of the bone marrow, liver, heart and kidney; iii) primary gastric cancer with malignancy confirmed by pathological analysis; iv) signed informed consent form and agreement to receive neoadjuvant chemotherapy consisting of oxaliplatin, tegafur and continuous hyperthermic peritoneal perfusion (CHPP) of cisplatin; v) surgery following chemotherapy treatment; and vi) no other malignancies, immunosuppressive disorders or severe diseases affecting other organs. Patients were excluded if they had a congenital disorder, severe organic disease, gastrointestinal bleeding, perforation or infection, history of resection or palliative surgery, or received radiochemotherapy or biomedical therapy. All included patients were followed up until the end of chemotherapy and surgery.

### Treatment, response evaluation and subgrouping

All patients received neoadjuvant chemotherapy, with each cycle consisting of intravenous oxaliplatin (130 mg/m^2^ on day 1), CHPP of cisplatin (50 mg/m^2^ in 2 l of 41°C saline at 35--45 ml/min on day 3 or 4) and orally-administered tegafur (40--60 mg twice/day; days 1--14), followed by a 7-day break. Patients received 3--5 cycles, and responses were evaluated every two cycles using enhanced abdominal CT according to the criteria of Response Evaluation Criteria in Solid Tumors ([@b20-ol-0-0-11350]). Therefore, complete response (CR) indicated complete disappearance of the tumor; partial response (PR) indicated a ≥30% reduction of the tumor; progressive disease (PD) indicated a ≥20% increase of the tumor or the appearance of new lesions; and stable disease (SD) indicated the state between PR and PD. Patients with CR and PR were summed to calculate the overall response rate, and were defined as the chemo-sensitive group; those with SD and PD were classified as the chemoresistant group. Pathological analysis was performed following surgery and results were classified according to the criteria of the Japanese Association of Medical Sciences. Therefore, grade 0 indicated no evidence of treatment response; grade 1a indicated tumor cells is visible in \>2/3 examination area; grade 1b indicated tumor cells is visible in 1/3-2/3 examination area; grade 2 indicated tumor cells is visible in \<1/3 examined area; grade 3 indicated no residual tumor cells. The adverse effects of chemotherapy were also assessed using the Common Terminology Criteria for Adverse Events ([@b21-ol-0-0-11350]).

### Sample collection and LC-MS

Prior to chemotherapy, a fasting blood sample was taken from the cubital vein of each patient on day 1 of chemotherapy. The sample was centrifuged at 3,500 × g/min for 5 min at room temperature, and the supernatant was collected and stored at −80°C. The frozen serum sample was allowed to thaw for 20 min at room temperature prior to analysis. As a quality control (QC), 20 µl of each of the 31 samples in the training group, consisting of 16 chemo-sensitive and 15 chemoresistant patients, were pooled and vortexed. Subsequently, acetonitrile (500 µl) was added to 100 µl of each of the 31 samples and to the QC, followed by mixing, centrifugation at 14,000 × g/min for 5 min at 4°C, and collection of the supernatants for LC-MS analysis. Identical techniques were used for samples in the training and validation groups. LC-MS analysis was performed using the AB Sciex TripleTOF 5600 system (Sciex), according to the manufacturer\'s protocols. The column was an Eclipse Plus C18 (2.1×150 mm; pore size, 3.5 µm; Agilent Technologies, Inc.) and was maintained at 45°C during separation. The mobile phases in positive ion mode were 0.1% formic acid in (A) water and (B) acetonitrile; the mobile phases in negative ion mode were (A) water and (B) acetonitrile. Samples were eluted with 80% A and 20% B for the first 3 min, a gradient from 20% B to 95% B over 6 min, followed by 95% B for 1.5 min. Then the percentage of B was dropped to 20% within 0.1 min and maintained for 1.4 min. The flow rate was constant at 900 µl/min. Mass spectrometry was performed using the AB Sciex TripleTOF 5600 system, which was fitted with an electrospray ionization source operating in positive and negative ion modes. Nitrogen was used as a nebulizer and cone gas The MS acquisition used TOF MS-IDA-MS/MS mode. The scan period contains TOF MS scan and product ion scan based on information dependent acquisition (IDA). TOF MS range was 50--1,000 m/z, MS/MS (product ion) range-(5 MS/MS) was 50--1,000 m/z; The other MS parameters were as follows: Nebulizer (50 psi), heater and curtain gas flow rates 50, 50 and 30 units, respectively; ionspray needle voltage 4500 V; heater gas temperature 450°C. Declustering potential (V) and collision energy (eV) were: 100, 10 for the TOF MS scan experiment; Declustering potential (V), collision energy (eV) and CES were 100, 30, 15 for the MS/MS scan experiment. The instrument was calibrated prior to analysis according to the manufacturer\'s protocols.

### Statistical analysis

The LC-MS data were acquired using Analyst 1.5.1 software (AB Sciex LLC) and processed using PeakView software version 1.1 (AB Sciex LLC). Normalization, scaling, noise filtering and peak alignment were performed using MarkerView software version 1.2.1 (AB Sciex LLC) prior to principal component analysis (PCA) and comparisons using an unpaired t-test. P\<0.05 was considered to indicate a statistically significant difference. Data are presented as mean ± standard deviation. To identify metabolites that differed in patients with chemosensitivity and chemoresistance, an integrated software system (BRB-Array Tools version 3.3.0; [linus.nci.nih.gov/BRB-ArrayTools.html](linus.nci.nih.gov/BRB-ArrayTools.html)) was used to conduct hierarchical clustering analysis of samples from the 31 patients in the training group. The metabolites were identified using the Human Metabolome Database (hmdb.ca). SPSS 20.0 software (IBM Corp.) was used to generate receiver operating characteristic (ROC) curves. AUC values above the cut-off value of 0.8 (higher concentrations in chemo-sensitive patients) or below the cut-off value of 0.2 (higher concentrations in chemo-resistant patients) were selected. Following analysis of the samples in the training group, samples of the 16 patients in the validation group were used for differentiation and clustering analysis. Tree clusters and shorter Euclidean distances indicate the greater similarities between samples or metabolites. SPSS was used to perform logistic regression analysis to determine the associations of cancer chemosensitivity with age, sex, tumor size, tumor location, tumor stage, tumor differentiation, vascular invasion and the identified metabolites.

Results
=======

### Response to chemotherapy and adverse effects

The clinicopathological characteristics of patients in the training group and validation group were initially compared, and patients were divided into the chemo-sensitive and chemo-resistant groups ([Table I](#tI-ol-0-0-11350){ref-type="table"}). There were no significant differences identified in age, sex, tumor location, tumor size, or tumor-node-metastasis classification. Pathological classification, which was performed according to the criteria of the Japanese Association of Medical Sciences ([@b22-ol-0-0-11350]--[@b25-ol-0-0-11350]), indicated that there were 3 patients with grade 1a, 20 patients with grade 1b, 19 patients with grade 2, and 5 patients with grade 3 disease (data not shown).

The adverse effects of chemotherapy were also assessed using the Common Terminology Criteria for Adverse Events ([@b21-ol-0-0-11350]). The results revealed that 10 patients (21.3%) had grade I leukopenia, 4 patients (8.5%) had grade II leukopenia and 2 patients (4.3%) each had grade I and II thrombocytopenia. In addition, 8 patients (17%) had grade I nausea or vomiting, and 2 patients (4.3%) had grade II nausea or vomiting in 47 patients from the training and validation groups. No patients had severe complications or required hospitalization.

### Metabolomic profiles of chemo-sensitive and chemo-resistant patients

Representative total ion current chromatograms of metabolites in the sera of chemo-sensitive patients ([Fig. 1A and C](#f1-ol-0-0-11350){ref-type="fig"}) and chemo-resistant patients ([Fig. 1B and D](#f1-ol-0-0-11350){ref-type="fig"}) were analyzed. These results indicated differences in the levels of multiple metabolites in the positive ion mode ([Fig. 1A and B](#f1-ol-0-0-11350){ref-type="fig"}) and negative ion mode ([Fig. 1C and D](#f1-ol-0-0-11350){ref-type="fig"}). The difference does not include the P-value, which provides a reference for the subsequent data analysis. Additionally, the metabolomic profiles of 31 patients in the training group were compared using PCA ([Fig. 2](#f2-ol-0-0-11350){ref-type="fig"}). The results demonstrated a clear separation of the sera of chemo-sensitive patients, chemo-resistant patients and the QC sample in the positive ion mode ([Fig. 2A](#f2-ol-0-0-11350){ref-type="fig"}) and negative ion mode ([Fig. 2B](#f2-ol-0-0-11350){ref-type="fig"}). The difference in type and number of metabolites determined the dispersion of the samples. The difference in metabolites in the serum samples was larger, with a greater distance between samples. By contrast, the smaller the difference in metabolites in serum samples, the closer the distance between samples. The QC sample consisted of 20 µl of each of the 31 samples in the training group. The metabolites in the samples of the QC group were not significantly different and the aggregation degree of these samples reflected the reliability of the experimental results. It was indicated that the distance between samples within each group was small and therefore the difference in metabolites in all three groups was small ([Fig. 2](#f2-ol-0-0-11350){ref-type="fig"}). However, the distance of the samples between groups was large, indicating that the difference in metabolites between groups was large. To evaluate the experimental accuracy of the present study, at least one sample from the QC group for every six samples was assessed. Since the serum samples were limited, in experiment B, six QC samples completely met the requirements of the experiment. Experiment A utilized the remaining nine samples of the QC group. The present study subsequently normalized, scaled and noise-filtered the raw data, and aligned the chromatograms using MarkerView. Comparison of the chemo-sensitive and chemo-resistant groups indicated significant differences for 255 metabolites in the positive ion mode ([Table SI](#SD1-ol-0-0-11350){ref-type="supplementary-material"}) and 64 metabolites in the negative ion mode ([Table SII](#SD1-ol-0-0-11350){ref-type="supplementary-material"}) (both P\<0.05).

### Metabolites that differentiate between chemo-sensitive and chemo-resistant patients

Further screening was performed using support vector machines of BRB-array Tools for the 31 patients in the training group to identify differentiating metabolites with weights of ≥80% ([Table II](#tII-ol-0-0-11350){ref-type="table"}). Based on the Human Metabolome Database the following seven metabolites met the criteria of the present study: Deoxyribose 1-phosphate, S-lactoylglutathione, phosphatidylcholine (PC) \[15:0/16:1(9Z)\], lysoPC (16:0), O-arachidonoyl ethanolamine, 3-(3,5-diiodo-4-hydroxyphenyl) lactate and an unknown metabolite ([Table II](#tII-ol-0-0-11350){ref-type="table"}). We found no metabolites associated with 654.4363. Maybe 654.4363 is a new metabolites not included in the database. Based on the measured levels of these seven metabolites, 14/16 chemo-sensitive patients were classified as sensitive, and 13/15 chemo-resistant cases as resistant ([Table III](#tIII-ol-0-0-11350){ref-type="table"}). Therefore, this procedure had a sensitivity of 87.5% and a specificity of 86.7%.

Hierarchical clustering analysis was also performed for these seven metabolites to assess the similarity of the metabolomic profiles of patients with similar sensitivities to chemotherapy ([Fig. 3](#f3-ol-0-0-11350){ref-type="fig"}). The results indicated that the concentrations of these seven metabolites separated the 31 patients in the training group into predominantly chemo-sensitive and chemo-resistant subgroups. ROC analysis and calculated areas under the curves (AUCs) were utilized to evaluate the performance of each metabolite as a marker for cancer chemosensitivity ([Fig. 4A](#f4-ol-0-0-11350){ref-type="fig"}; [Table IV](#tIV-ol-0-0-11350){ref-type="table"}). The results indicated that four metabolites, including deoxyribose 1-phosphate, S-lactoylglutathione, lysoPC (16:0) and O-arachidonoyl ethanolamine, had AUC values above the cut-off value of 0.8 (higher concentrations in chemo-sensitive patients) or below the cut-off value of 0.2 (higher concentrations in chemo-resistant patients; [Table IV](#tIV-ol-0-0-11350){ref-type="table"}). Analysis of the average concentrations of these four metabolites indicated significant differences in patients with chemo-sensitive and chemo-resistant tumors ([Fig. 4B](#f4-ol-0-0-11350){ref-type="fig"}). [Fig. S1](#SD1-ol-0-0-11350){ref-type="supplementary-material"} shows random images and levels of four metabolites in the chemo-resistant and chemo-sensitive groups.

### Analysis of the validation group

Hierarchical clustering analysis was subsequently used to analyze the metabolome data of the 16 patients in the validation group using the same four metabolites identified in the ROC analysis for the training group ([Fig. 5](#f5-ol-0-0-11350){ref-type="fig"}). This analysis separated these 16 patients into two subgroups: One subgroup included 7 chemo-sensitive patients and 1 chemo-resistant patient and the other subgroup included 7 chemo-resistant patients and 1 chemo-sensitive patient. This classification of chemo-sensitive and chemo-resistant patients had a sensitivity and specificity of 82.5% ([Table V](#tV-ol-0-0-11350){ref-type="table"}).

### Metabolites independently associated with cancer chemosensitivity

Logistic regression analysis was subsequently performed to assess the association of these four metabolites with multiple demographic and clinicopathological characteristics in all 47 patients. Univariate analysis demonstrated that out of the 4 metabolites, only deoxyribose 1-phosphate, S-lactoylglutathione, lysoPC (16:0) and O-arachidonoyl ethanolamine were associated with cancer chemosensitivity ([Table VI](#tVI-ol-0-0-11350){ref-type="table"}). Multivariate logistic regression analysis, which was adjusted for confounding factors, including deoxyribose 1-phosphate, S-lactoylglutathione, lysoPC (16:0) and O-arachidonoyl ethanolamine, indicated that deoxyribose 1-phosphate (P=0.007) and S-lactoylglutathione (P=0.025) were independently associated with cancer chemosensitivity ([Table VII](#tVII-ol-0-0-11350){ref-type="table"}). The two other metabolites were lysoPC (16:0) and O-arachidonoyl ethanolamine, but these are not shown in [Table VII](#tVII-ol-0-0-11350){ref-type="table"} because they were not independently associated with cancer chemosensitivity.

Discussion
==========

Although the incidence of gastric cancer has declined during the past decade, treatment remains challenging ([@b3-ol-0-0-11350],[@b26-ol-0-0-11350],[@b27-ol-0-0-11350]). There have been recent improvements in the surgical and chemotherapeutic strategies for this malignancy ([@b7-ol-0-0-11350],[@b28-ol-0-0-11350]--[@b30-ol-0-0-11350]). Surgical resection is the optimal approach, however it provides only limited help for patients with locally advanced disease, such as stage IV cancer with peritoneal metastasis ([@b31-ol-0-0-11350]). Neoadjuvant chemotherapy is an alternative approach. The results of two clinical trials MAGIC ([@b8-ol-0-0-11350]) and FNLCLCC/FFCD ([@b15-ol-0-0-11350]) suggested that perioperative chemotherapy significantly improves the overall survival time and progression-free survival rate of patients with gastric adenocarcinoma and esophagogastric junction adenocarcinoma. A previous study reported that neoadjuvant chemotherapy leads to downgrading of tumor classification and increased R0 resection rate ([@b32-ol-0-0-11350]). However, the overall efficiency of neoadjuvant chemotherapy is \<50% ([@b11-ol-0-0-11350]). Therefore, it is necessary to identify patients with favorable responses to chemotherapy. The results of the present study indicated that metabolomic analysis of the serum samples of patients with gastric cancer may serve as a potential predictor of patient sensitivity to neoadjuvant chemotherapy.

Identification of cancer biomarkers has been a major research focus in recent decades, and biomarkers, such as human epidermal growth factor receptor 2 in breast and gastric cancer, KRAS in colon and lung cancer, and epidermal growth factor receptor in colon and lung cancer, are now commonly used in clinical diagnosis ([@b33-ol-0-0-11350]--[@b35-ol-0-0-11350]). Due to the fact that chemotherapy response is associated with genetic and epigenetic alterations relevant to the metabolism of chemotherapeutic agents, endogenous metabolites also have the potential to function as biomarkers that can be easily and non-invasively analyzed ([@b36-ol-0-0-11350]). However, few studies have examined the use of small-molecule metabolites as diagnostic markers. The present study identified four serum metabolites as potential markers for sensitivity of gastric cancer to neoadjuvant chemotherapy: Deoxyribose 1-phosphate, S-lactoylglutathione, lysoPC (16:0) and O-arachidonoyl ethanolamine. Use of these markers to differentiate between chemo-sensitive and chemo-resistant patients had a sensitivity and specificity of 82.5%. Furthermore, multivariate regression analysis suggested that deoxyribose 1-phosphate and S-lactoylglutathione were independently and significantly associated with cancer chemosensitivity.

However, the present study did not determine the underlying biological mechanism for why alterations in the levels of these metabolites are associated with chemosensitivity, but there are a number of possible explanations. Deoxyribose 1-phosphate is an intermediate during pyrimidine metabolism ([@b37-ol-0-0-11350]) and functions as a substrate for thymidine phosphorylase ([@b38-ol-0-0-11350]). A previous study of gastric cancer reported that expression of mRNA for thymidine phosphorylase was higher in patients with lymph node metastasis compared with in patients without metastasis after chemotherapy treatment ([@b39-ol-0-0-11350]), suggesting that chemotherapy may affect thymidine phosphorylase-mediated metabolic pathways. Therefore, future studies should examine the association of deoxyribose 1-phosphate with thymidine phosphorylase in chemo-sensitive patients.

S-lactoylglutathione functions in the metabolism of pyruvate and can be hydrolyzed by hydroxyacyl glutathione hydrolase into D-lactic acid and glutathione, a substrate of glutathione S-transferase in the cytosol, microsomes and mitochondria ([@b40-ol-0-0-11350]). A single study have demonstrated that expression of glutathione S-transferase P1 is associated with the sensitivity of patients with gastric cancer to platinum-based therapies ([@b41-ol-0-0-11350]). The present study found that a lower serum level of S-lactoylglutathione was associated with chemosensitivity; however, it remains unclear whether this is due to the high expression of glutathione S-transferase P1. Future studies are required to examine these underlying mechanisms before these markers can be recommended for clinical diagnostic use.

The present study revealed that lysoPC was associated with chemotherapeutic sensitivity to gastric cancer. The overall level of PC is elevated in colorectal cancer (CRC) ([@b42-ol-0-0-11350],[@b43-ol-0-0-11350]). Kurabe *et al* ([@b44-ol-0-0-11350]) demonstrated that lysophosphatidylcholine acyltransferase 4 (LPCAT4) contributes to PC (16:0/16:1) accumulation in CRC via enhanced acylation of lysoPC. LPCAT4 is the factor responsible for the increase of PC (16:0/16:1) in CRC. The mechanism underlying the role of lysoPC in enhancing chemotherapeutic sensitivity in gastric cancer requires further investigation.

The present study revealed the differences in metabolites associated with chemosensitivity in patients who had unresectable gastric cancer. To predict the sensitivity to chemotherapy, serum samples were collected prior to chemotherapy. Future metabolomics studies associated with the prognosis of patients with unresectable gastric cancer receiving chemotherapy will be conducted.

The 47 patients in the present study included 13 patients with stage III gastric cancer, who were unable to accept stage I R0 resection due to local tumor surrounding important blood vessels. Stage III, peritoneal metastasis and liver metastasis are unresectable factors in patients with gastric cancer ([@b45-ol-0-0-11350]). Due to the limited number of samples in the present study, further analysis of different unresectable factors like liver, peritoneum metastases, lung and bone metastases was not conducted. In the future, the difference of metabolites between patients with hepatic and peritoneal metastatic gastric cancer should be studied. Future studies will include a larger sample size and will research the association between different unresectable factors and efficacy of chemotherapy for gastric cancer.

In summary, this metabolomic analysis of serum samples from patients with gastric cancer identified deoxyribose 1-phosphate, S-lactoylglutathione, lysoPC (16:0), and O-arachidonoyl ethanolamine as metabolites that can differentiate chemo-sensitive and chemo-resistant patients. Additionally, the present study demonstrated that deoxyribose 1-phosphate and S-lactoylglutathione were significantly and independently associated with cancer chemosensitivity and, therefore, may serve as potential biomarkers.
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![TIC chromatograms of metabolites in the sera of four representative patients with gastric cancer in the training group. (A) TIC profiles of chemo-sensitive in the positive ion mode; (B) TIC profiles of chemo-resistant in the positive ion mode. (C) TIC profiles of chemo-sensitive in the negative ion mode; (D) TIC profiles of chemo-resistant in the negative ion mode. Red arrows indicate metabolites subsequently identified as having different abundances in the two groups. TIC, total ion current.](ol-19-03-2231-g00){#f1-ol-0-0-11350}

![Principal component analysis of serum samples from the training group (n=31) and the QC sample using the (A) positive ion mode and (B) negative ion mode. Log I Pareto (DA) is a PCA method, which refers to the analysis in Pareto mode after Log conversion. Each dot represents a single sample. Red square represents the chemo-sensitive group, the black diamond represents the chemo-resistant group, and the green triangle represents the QC group. QC, quality control.](ol-19-03-2231-g01){#f2-ol-0-0-11350}

![Hierarchical clustering analysis of metabolome data for seven metabolites in the training group (n=31). Metabolite levels were used to color code individual samples from green (low concentration) to red (high concentration), with grey denoting absence of the substance. Tree clusters and shorter Euclidean distances indicate greater similarities between samples or metabolites. The numbers represent the patient IDs. The blue color of the top bars represents the chemo-resistant group, and the black color of the top bars represents the chemo-sensitive group. PC, phosphatidylcholine.](ol-19-03-2231-g02){#f3-ol-0-0-11350}

![ROC curves of the seven metabolites and Levels of the four metabolites. (A) ROC curves of the diagnostic performance of each of the seven metabolites in the training group (n=31) in predicting chemosensitivity. Curves closer to the top left corner are metabolites with higher concentrations in chemo-sensitive patients; curves closer to the bottom right corner are metabolites with higher concentrations in chemo-resistant patients. (B) Levels of the four metabolites identified by ROC analysis in patients with chemo-sensitive and chemo-resistant cancer. ROC, receiver operating characteristic; PC, phosphatidylcholine.](ol-19-03-2231-g03){#f4-ol-0-0-11350}

![Hierarchical clustering analysis of metabolome data for four metabolites in the validation group (n=16). Metabolite levels were used to color code individual samples from green (low concentration) to red (high concentration), with grey denoting absence of the substance. Tree clusters and shorter Euclidean distances indicate the greater similarities between samples or metabolites. The numbers represent the patient IDs. The blue color of the top bars represents the chemo-resistant group, and the black color of the top bars represents the chemo-sensitive group. PC, phosphatidylcholine.](ol-19-03-2231-g04){#f5-ol-0-0-11350}

###### 

Clinicopathological characteristics of the patients.

                                                                   Training group   Validation group                                     
  ---------------------------------------------------------------- ---------------- ------------------ ------- ------------ ------------ -------
  Patients                                                         16               15                         8            8            
  Age, years                                                       58.06±2.39       55.53±3.19         0.237   62.38±1.97   54.13±5.66   0.190
  Sex, n                                                                                                                                 
    Male                                                           11               12                 0.685   6            6            0.715
    Female                                                           5                3                        2            2            
  T classification^[a](#tfn1-ol-0-0-11350){ref-type="table-fn"}^                                                                         
    T1                                                               0                0                0.323   0            0            0.282
    T2                                                               1                0                        0            0            
    T3                                                               7                4                        1            4            
    T4                                                               8              11                         7            4            
  N classification^[a](#tfn1-ol-0-0-11350){ref-type="table-fn"}^                                                                         
    N0                                                               1                0                0.670   0            0            0.435
    N1                                                               1                1                        3            3            
    N2                                                               9                7                        4            2            
    N3                                                               5                7                        1            3            
  M classification^[a](#tfn1-ol-0-0-11350){ref-type="table-fn"}^                                                                         
    M0                                                               4                5                0.704   2            2            0.715
    M1                                                             12               10                         6            6            
  Differentiation                                                                                                                        
    Low                                                            10               12                 0.433   5            3            0.310
    Moderate                                                         6                3                        3            5            
  Tumor size                                                                                                                             
    ≥5 cm                                                          13               12                 0.683   6            4            0.304
    \<5 cm                                                           3                3                        2            4            
  Tumor location                                                                                                                         
    Antrum                                                           8                6                0.577   6            4            0.304
    Body/fundus                                                      8                9                        2            4            

([@b46-ol-0-0-11350]). T, tumor; N, node; M, metastasis.

###### 

Metabolites identified that differentiate between chemo-sensitive and chemo-resistant gastric cancer.

                                                             Signal intensity                            
  ---------------------------------------- ---------- ------ ------------------ ----------------- ------ -------------------------------------------------------
  Deoxyribose 1-phosphate                  215.0315   9.52   7,598.48±955.87    2,482.61±811.16   100    0.00141^[b](#tfn3-ol-0-0-11350){ref-type="table-fn"}^
  S-Lactoylglutathione                     380.1122   11.3   312.26±148.42      855.95±103.00     100    0.00616^[b](#tfn3-ol-0-0-11350){ref-type="table-fn"}^
  PC \[15:0/16:1(9Z)\]                     718.5128   8.46   419.98±152.03      817.05±101.27     100    0.04175^[a](#tfn2-ol-0-0-11350){ref-type="table-fn"}^
  LysoPC (16:0)                            496.3331   8.78   6,637.71±2345.54   1,033.40±342.01   100    0.02887^[a](#tfn2-ol-0-0-11350){ref-type="table-fn"}^
  O-Arachidonoyl Ethanolamine              431.3109   9.48   694.53±94.61       316.66±39.18      100    0.00180^[b](#tfn3-ol-0-0-11350){ref-type="table-fn"}^
  Unknown metabolite                       654.4363   7.05   427.61±115.87      49.90±20.11         80   0.00475^[b](#tfn3-ol-0-0-11350){ref-type="table-fn"}^
  3-(3,5-Diiodo-4-hydroxyphenyl) lactate   434.8173   8.13   3.28±2.28          75.10±34.81         80   0.04223^[a](#tfn2-ol-0-0-11350){ref-type="table-fn"}^

P\<0.05

P\<0.01. PC, phosphatidylcholine.

###### 

Performance of seven identified metabolites \[deoxyribose 1-phosphate, S-lactoylglutathione, PC (15:0/16:1(9Z)), lysoPC (16:0), O-arachidonoyl ethanolamine, 3-(3,5-diiodo-4-hydroxyphenyl\] lactate and an unknown metabolite), in differentiating between chemo-sensitive and chemo-resistant patients in the training group.

              Response to chemotherapy                      
  ----------- -------------------------- ----- ---- ------- -------
  Sensitive   14                           2   16           
  Resistant     2                        13    15   87.5%   86.7%
  Total       16                         15    31           

PC, phosphatidylcholine.

###### 

Summary of the results of ROC analysis for seven metabolites \[deoxyribose 1-phosphate, S-lactoylglutathione, PC (15:0/16:1(9Z)), lysoPC (16:0), O-arachidonoyl ethanolamine, 3-(3,5-diiodo-4-hydroxyphenyl) lactate, and an unknown metabolite\].

                                                                  95% CI   
  --------------------------------------- ------- ------- ------- -------- -------
  Deoxyribose 1-phosphate                 0.854   0.074   0.001   0.709    0.999
  S-Lactoylglutathione                    0.163   0.084   0.001   0.001    0.328
  PC \[15:0/16:1(9Z)\]                    0.208   0.090   0.006   0.032    0.384
  LysoPC (16:0)                           0.863   0.077   0.001   0.693    1.000
  O-Arachidonoyl Ethanolamine             0.833   0.072   0.002   0.692    0.975
  Unknown metabolite                      0.733   0.098   0.027   0.542    0.925
  3-(3,5-Diiodo-4-hydroxyphenyl)lactate   0.413   0.105   0.406   0.207    0.618

PC, phosphatidylcholine.

###### 

Performance of four identified metabolites, including, deoxyribose 1-phosphate, S-lactoylglutathione, lysoPC (16:0), and O-arachidonoyl ethanolamine, in differentiating between chemo-sensitive and chemo-resistant patients in the validation group.

              Response to chemotherapy                     
  ----------- -------------------------- --- ----- ------- -------
  Sensitive   7                          1     8           
  Resistant   1                          7     8   82.5%   82.5%
  Total       8                          8   16            

PC, phosphatidylcholine.

###### 

Results of univariate logistic regression analysis of metabolites.

                                                                                                                          95% CI   
  ----------------------------- -------- ------- -------- ------------------------------------------------------- ------- -------- --------
  Age, years                    0.394    0.676   0.339    0.560                                                   1.482   0.394    5.579
  Sex                           −0.037   0.027   1.806    0.179                                                   0.964   0.913    1.017
  T classification              −0.118   0.608   0.038    0.846                                                   0.889   0.27     2.926
  Node classification           0.044    1.445   0.001    0.975                                                   1.045   0.062    17.765
  Metastasis classification     −0.272   0.654   0.173    0.678                                                   0.762   0.211    2.745
  Differentiation               0.118    0.608   0.038    0.846                                                   1.125   0.342    3.703
  Tumor size, cm                −0.224   0.702   0.102    0.749                                                   0.799   0.202    3.163
  Tumor location                0.965    0.603   2.565    0.109                                                   2.625   0.806    8.551
  Vascular invasion             −1.068   1.211   0.778    0.378                                                   0.344   0.032    3.688
  Deoxyribose 1-phosphate       0.000    0.000   13.363   \<0.001^[c](#tfn9-ol-0-0-11350){ref-type="table-fn"}^   1.000   0.999    1.000
  S-Lactoylglutathione          0.003    0.001   11.195   0.001^[c](#tfn9-ol-0-0-11350){ref-type="table-fn"}^     1.003   1.001    1.004
  LysoPC(16:0)                  −0.002   0.002   12.639   0.002^[b](#tfn8-ol-0-0-11350){ref-type="table-fn"}^     0.999   0.999    1.000
  O-Arachidonoyl Ethanolamine   −0.003   0.001   4.478    0.034^[a](#tfn7-ol-0-0-11350){ref-type="table-fn"}^     0.997   0.995    1.000

P\<0.05

P\<0.01

P\<0.001. PC, phosphatidylcholine; B, regression coefficients; S.E, standard error; Wald, (B/S.E)^2^; OR, odds ratio; CI, confidence interval.

###### 

Results of multivariate logistic regression analysis of metabolites.

                                                                                                                   95% CI   
  ------------------------- ------- ------- ------- ------------------------------------------------------ ------- -------- -------
  Deoxyribose 1-phosphate   0.000   0.000   7.364   0.007^[b](#tfn11-ol-0-0-11350){ref-type="table-fn"}^   1.000   0.999    1.000
  S-Lactoylglutathione      0.002   0.001   5.057   0.025^[a](#tfn10-ol-0-0-11350){ref-type="table-fn"}^   1.002   1.000    1.003

P\<0.05

P\<0.01. B, regression coefficients; S.E, standard error; Wald, (B/S.E)^2^; OR, odds ratio; CI, confidence interval.
